In COS cells, Ral GDP dissociation stimulator (RalGDS)-induced Ral activation was stimulated by Ras G12V or a Rap1/Ras chimera in which the N-terminal region of Rap1 was ligated to the C-terminal region of Ras but not by Rap1 G12V or a Ras/Rap1 chimera in which the N-terminal region of Ras was ligated to the Cterminal region of Rap1, although RalGDS interacted with these small GTP-binding proteins. When Ras G12V , Ral and the Rap1/Ras chimera were individually expressed in NIH3T3 cells, they localized to the plasma membrane. Rap1 Q63E and the Ras/Rap1 chimera were detected in the perinuclear region. When RalGDS was expressed alone, it was abundant in the cytoplasm. When coexpressed with Ras G12V or the Rap1/Ras chimera, RalGDS was detected at the plasma membrane, whereas when coexpressed with Rap1 Q63E or the Ras/Rap1 chimera, RalGDS was observed in the perinuclear region. RalGDS which was targeted to the plasma membrane by the addition of Ras farnesylation site (RalGDS-CAAX) activated Ral in the absence of Ras
Introduction
Ras, a member of the small GTP-binding protein (G protein) superfamily, is an essential component in the transduction of extracellular signals that induce proliferation and dierentiation (Barbacid, 1987; Lowy and Willumsen, 1993) . Evidence shows that Ras exerts its functions through multiple eector proteins (Marshall, 1995) . These include Raf, phosphatidylinositol 3-OH-kinase, Rin1, stress activated protein kinase, mitogen-activated protein kinase kinase kinase and AF-6. In addition to these proteins, Ral GDP dissociation stimulator (RalGDS) family members (RalGDS, RalGDS like (RGL) and RalGDS like factor (Rlf)) are also the putative eector proteins of Ras (Hofer et al., 1994; Spaargaren and Bischo, 1994; Wolthuis et al., 1997) . Protein kinase A selectively regulates the interaction of Ras with either Raf or RalGDS and dierent eector loop mutants of Ras individually bind to Raf and RalGDS (Kikuchi and Williams, 1996; White et al., 1996; Okazaki et al., 1997) . Furthermore, Raf and RalGDS synergistically stimulate cellular proliferation and c-fos promoter activity (White et al., 1996; Okazaki et al., 1997) . Therefore, RalGDS could constitute a Ras-signaling pathway distinct from Raf and act downstream of Ras. Since RalGDS stimulates the GDP/GTP exchange of Ral, another small G protein (Albright et al., 1993) , a part of the signals from Ras would be transmitted to Ral. Indeed, RalGDS stimulates the GDP/GTP exchange of Ral in a Ras-dependent manner in intact cells Kishida et al., 1997) . However, the mechanism by which Ras activates RalGDS to transmit the signal to Ral is unclear.
Most of small G proteins undergo the posttranslational modi®cations at the C-terminal regions Takai et al., 1992) . The cysteine residue in the C-terminal region is modi®ed by isoprenyl groups derived from pyrophosphate intermediates of the cholesterol metabolic pathway Goldstein and Brown, 1990; Takai et al., 1992) . Two kinds of isoprenyl groups have been known; 15-carbon farnesyl and 20-carbon geranylgeranyl. The post-translational modi®cation of Ras has been extensively studied (Hancock et al., 1989; Goldstein and Brown, 1990; Takai et al., 1992; Lowy and Willumsen, 1993) . The C-terminal region of Ras has a CAAX motif (where C is cysteine, A is aliphatic amino acid and X is methionine or serine). Ras is ®rst farnesylated at the cysteine residue in the C-terminal region, next the three amino acids C-terminal to the cysteine are removed and ®nally the exposed cysteine is carboxylmethylated. It has been shown that the posttranslational modi®cation of Ras is required for its subcellular localization and functions and that it enhances the actions of smgGDS, mCDC25 and hSOS, which are GDP/GTP exchange proteins of Ras (Barbacid, 1987; Takai et al., 1992; Lowy and Willumsen, 1993) . Ral has a CAAL motif (L is leucine) at the C-terminal region, is geranylgeranylated, and binds to the membranes through its post-translational modi®cation . We have demonstrated that the post-translational modi®cation of Ras is important for the translocation of RalGDS from the cytosol fraction to the membrane fraction, that the modi®cation of Ral enhances the action of RalGDS to stimulate the GDP/GTP exchange of Ral (Hinoi et al., 1996) , and that the modi®cations of Ras and Ral are required for stimulating the GDP/GTP exchange of Ral by Ras through RalGDS in COS cells . These results suggest that colocalization of Ras and Ral on the membrane through their modi®cations is necessary for Rasdependent Ral activation through RalGDS.
RalGDS family members also interact with Rap1 (Krev-1) Spaargaren and Bischo, 1994) , since the eector loop of Rap1 has the same amino acid sequence as that of Ras . Rap1 has a CAAL motif at the C-terminal region like Ral and is geranylgeranylated (Kawata et al., 1990) . Since the anity of Rap1 for RalGDS is much higher than that of Ras (Herrmann et al., 1996) , RalGDS may be an eector protein of Rap1 rather than Ras. Indeed, in an in vitro reconstitution assay of Ras/RalGDS/Ral signaling using liposomes, Rap1 activates Ral through RalGDS more eciently than Ras does , re¯ecting the distinct anities of Ras and Rap1 for RalGDS. However, Rap1 does not activate Ral through RalGDS in COS cells Kishida et al., 1997) . Ras is present in the plasma membrane in various cells (Lowy and Willumsen, 1993) , whereas Rap1 is found mainly either in the mid-Golgi compartment or in the early and late endosome in ®broblasts (Beranger et al., 1991; Pizon et al., 1994) , located mainly on the plasma membrane and in speci®c granules in neutrophils (Maridonneau Parini and de Gunzburg, 1992) and localized to the plasma membrane and in the a-granule membrane in platelets (Berger et al., 1994) . Ral is localized not only to the plasma membranes but also in intracellular vesicles . These results prompted us to examine the relationship between the subcellular localization of Ras and Rap1 and their eects on the RalGDS action. We show direct evidence that Ras but not Rap1 recruits RalGDS to the plasma membrane in ®broblasts and that the plasma membrane localization of RalGDS is critical for Ras-dependent Ral activation.
Results

Interaction of chimeras of Ras and Rap1 with RalGDS in COS cells
Previously we constructed a series of chimeric genes consisting of fragments of H-Ras cDNA and Rap1 (Krev-1) cDNA (Kitayama et al., 1990; Kitayama and Noda, 1993) (Figure 1) . In all chimeras, Gly 12 and/or Gln 63 were changed to Val and Glu, respectively. C1 and C2 contained Ras-speci®c amino acids located Nterminal to amino acid 59. Inversely C4 contained Rap1-speci®c amino acids located N-terminal to amino acid 59. Ras-speci®c amino acids of C6 were limited to amino acids 1 ± 111. In H5, Asp 30 and Glu 31 in Ras
G12V
were changed to Glu and Lys, respectively. In K3, Gly
, Glu 30 and Lys 31 in Rap1 G12V were changed to Asn, His, Asp and Glu, respectively. These small G proteins were tagged with Myc-epitope at their Ntermini and coexpressed with RalGDS which was tagged with the HA-epitope at its N-terminus in COS cells (Figure 2a ). When the lysates were immunoprecipitated with the anti-Myc antibody, RalGDS was coprecipitated with each of small G proteins examined (Figure 2b) .
Roles of the C-terminal region of Ras in Ras-dependent activation of Ral in COS cells
It has been shown that Ras but not Rap1 activates Ral through RalGDS in intact cells Kishida et al., 1997) . Consistent with the previous observations Kishida et al., 1997) , Ras G12V enhanced the RalGDS-dependent increase of the proportion of GTP bound to Ral, but not did Rap1 G12V or Rap1 Q63E (Figure 3 ). Among the chimeras of Ras and Rap1, C4 enhanced the RalGDS activity but not did C1, C2, or C6. These results indicate that the C-terminal region of Ras is essential for Ral activation and that both the N-terminal regions of Ras and Rap1 have the Ral-activation activity and are consistent with our previous observation that the posttranslational modi®cation of Ras is important for the signal from Ras to Ral through RalGDS . There are seven divergent amino acids within the residues 18 ± 40 between H-Ras and Rap1 . Among these divergent amino acids, the residues 26, 27, 30 and 31 of Ras and Rap1 are important for the transformation and transformation-suppressor activities, respectively (Kitayama et al., 1990; Kitayama and Noda, 1993 . Thus, the amino acid dierence within the residues 18 ± 40 between Ras and Rap1 did not explain the inability of Rap1 to activate Ral. The C-terminal region of Rap1 could not allow a link between the interaction of RalGDS with Rap1 and the activation of Ral.
Subcellular localizations of Ras, Rap1, Ral, chimeras of Ras and Rap1 and RalGDS in NIH3T3 cells
Next we examined the subcellular localizations of Ras, Rap1, Ral, the chimeras and RalGDS in COS and NIH3T3 cells. Although similar results were obtained in both cells, the results using NIH3T3 cells are shown since the immunostaining of these proteins in NIH3T3 cells were clearer than those in COS cells. The plasmids were microinjected into NIH3T3 cells, then the cells were stained with the anti-Myc, Ral or RalGDS antibody. Consistent with the previous observations (Beranger et al., 1991; Lowy and Willumsen, 1993; Pizon et al., 1994) , Ras G12V and Rap1 Q63E were observed at the plasma membrane and in the perinuclear region, respectively (Figure 4a and b). Ral was detected at the plasma membrane, but we could not ®nd Ral in intracellular vesicles (Figure 4c ). C4 and C1 showed the same localization as Ras G12V and Rap1
Q63E
, respectively (Figure 4d and e). Taken together with the results of Figure 3 , the proteins which are located on the plasma membrane can activate Ral, but the proteins which are present in the perinuclear region do not. RalGDS was found in the cytosol (Figure 4f ). When RalGDS was coinjected with Ras G12V , RalGDS was detected at the plasma membrane along with Ras G12V , whereas when RalGDS was coinjected with Rap1
, it was detected in the perinuclear region along with Rap1 Q63E (Figure  4g ± j). These results clearly indicate that the subcellular localization of RalGDS is dependent on that of Ras and Rap1 and that colocalization of RalGDS and Ras on the plasma membrane is necessary for the activation of Ral.
RalGDS-CAAX activity in intact cells
To examine whether the plasma membrane localization of RalGDS is sucient for the activation of Ral, we constructed RalGDS-CAAX, in which a C-terminal membrane localization signal of K-Ras is added to RalGDS. When RalGDS-CAAX was injected into NIH3T3 cells, it was detected at the plasma membrane ( Figure 4k) . Since the expression level of RalGDS-CAAX was low in COS cells, that of RalGDS was reduced to compare their eects on the activation of Ral (data not shown). When the expression level of RalGDS was normalized to that of RalGDS-CAAX in COS cells by changing the amounts of transfected plasmids, RalGDS alone did not activate Ral and the RalGDS activity was completely dependent on Ras G12V ( Figure  5 ). RalGDS-CAAX activated Ral in the absence of Ras G12V and Ras G12V did not aect the RalGDS-CAAX activity ( Figure 5 ). The Ral activation induced by RalGDS-CAAX was comparable to that observed when Ras G12V and RalGDS were coexpressed. These results suggest that the plasma membrane localization of RalGDS is sucient for the activation of Ral.
RalGDS-CAAX activity in reconstitution assay
To examine whether RalGDS-CAAX is activated in comparison with RalGDS, we puri®ed RalGDS and RalGDS-CAAX from the cytosol and membrane fractions, respectively, of Spodoptera frugiperda 9 (Sf9) cells as glutathione S-transferase (GST) fusion proteins ( Figure 6a ). As shown previously (Hinoi et al., 1996) , GST-RalGDS stimulated the binding of guanosine-5'-O-(3-thiotriphosphate) (GTPgS) to the post-translationally modi®ed form of Ral in vitro. GST-RalGDS-CAAX also exhibited the same activity on Ral as GST-RalGDS (Figure 6b) . Therefore, the catalytic activity of RalGDS was not altered by the addition of the CAAX-motif. Recently we have developed a reconstitution assay of Ras/RalGDS/Ral signaling using the liposomes (PC), and L-a-phosphatidylethanolamine (PE), the liposomes which incorporated small G proteins were recovered by discontinuous sucrose density gradient. GST-RalGDS aected the dissociation of GDP from Ral very little in the liposomes containing the [ 3 H]GDP-bound form of Ral alone, since PI and PS inhibited the RalGDS activity . In the presence of the GTPgS-bound form of Ras, GSTRalGDS stimulated the dissociation of GDP from Ral. GST-RalGDS-CAAX stimulated it more eciently in the absence of Ras (Figure 6c ). Since GST-RalGDS-CAAX is post-translationally modi®ed like Ras, it could associate with the liposomes. Taken together with the previous observation that the Ras-interacting domain of RalGDS is required for Ras-dependent Ral activation in COS cells , these results indicate that colocalization of RalGDS and Ras on the plasma membrane is critical for the activation of Ral.
Eect of the binding of Ras on RalGDS activity
Previously we have shown that Ras binds to and activates Raf-1 in Sf9 cells and that the post translational modi®cation of Ras is necessary for Ras-dependent Raf-1 activation . Therefore, we examined whether the binding of Ras activates RalGDS itself. Both Ras
G12V
and Ras G12VD associated with GST-RalGDS in Sf9 cells (Figure 7a ). Ras G12VD is a Ras G12V mutant in which the C-terminal four amino acids are deleted and is not post-translationally modi®ed . GST-RalGDS precipitated with glutathioneSepharose 4B from Sf9 cells expressing GST-RalGDS alone stimulated the dissociation of [ 3 H]GDP from Ral (Figure 7b ). Neither Ras G12V nor Ras G12VD aected the GST-RalGDS activity (Figure 7b ). These results suggest that the binding of Ras does not activate RalGDS and that the action of Ras on RalGDS is dierent from that on Raf-1. Furthermore, we examined the activities of the deletion mutants of RalGDS, RalGDS-(1 ± 633), RalGDS-(135 ± 895), and RalGDS-(135 ± 633) on Ral (Figure 8 ). RalGDS-(1 ± 633) does not have the Ras-interacting domain and RalGDS-(135 ± 633) encodes only the CDC25 like domain. GST-RalGDS-(1 ± 633) showed the same activity to stimulate the binding of GTPgS to Ral as GST-RalGDS. However, neither GST-RalGDS-(135 ± 895) nor GST-RalGDS-(135 ± 633) stimulated the binding of GTPgS to Ral. These results indicate that the Ras-interacting domain of RalGDS is not necessary for its activity and that residues 1 ± 134 may be necessary for the proper folding of the CDC25 like domain.
Discussion
Several lines of evidence have suggested that Ras recruits RalGDS to the membrane fraction, resulting in the activation of Ral: (i) subcellular fractionation analysis shows that Ras induces the translocation of RalGDS from the cytosol to the membrane fraction, but Ras mutants which are not post-translationally modi®ed do not (Hinoi et al., 1996) ; (ii) the posttranslational modi®cations of Ras and Ral are required for Ras-dependent Ral activation through RalGDS ; and (iii) stimulation with epidermal growth factor (EGF) induces the binding of RalGDS to Ras and the activation of Ral, and EGF-induced activation of Ral also requires the posttranslational modi®cation of Ral (Kikuchi and Williams, 1996; Kishida et al., 1997) . In this paper, by immunohistochemical analysis we have provided direct evidence that both Ras and Ral are localized to the plasma membrane and that coexpression with Ras changes the localization of RalGDS from the cytosol to the plasma membrane. We have also demonstrated that RalGDS-CAAX is associated with the plasma membrane and activates Ral without coexpression with Ras. Furthermore, the binding of Ras does not stimulate the RalGDS activity itself in Sf9 cells although we can not rule out the possibility that overexpressed RalGDS in Sf9 cells is already maximally activated. Finally, we have found that the deletion of the Ras-interacting domain of RalGDS does not aect the RalGDS activity. These results provide a model that once Ras is activated by an extracellular signal, Ras anchoring to the plasma membrane through its modi®cation recruits RalGDS to the plasma membrane, then RalGDS stimulates the GDP/GTP exchange of Ral which is also present in the plasma membrane.
This model is supported by the experiments using Rap1 or the chimeras of Ras and Rap1. It has been reported that Rap1 binds to RalGDS but does not activate Ral in COS cells Kishida et al., 1997) . Rap1 is localized to the perinuclear region and induces the translocation of RalGDS from the cytosol to the perinuclear region where Ral is not found. The chimeras (C1, C2 and C6) in which the Nterminal region of Ras is ligated to the C-terminal region of Rap1 exhibit the characteristics similar to Rap1, whereas the reciprocal chimera (C4) (Kitayama et al., 1990; Kitayama and Noda, 1993; . Therefore, the N-terminal region, especially residues 30 and 31, but not the localization through the Cterminal region of Ras and Rap1, is important for their transformation and transformation-suppressor activity. However, our results that H5 but not K3 activates Ral indicate that the localization of Ras and Rap1 determines the action of RalGDS on Ral. Furthermore, we have developed a reconstitution assay of Ras/RalGDS/Ral signaling using the liposomes . In the liposomes, RalGDS does not dissociate GDP from Ral. This might be due to the presence of PI and PS because these phospholipids inhibit the RalGDS activity . Although we do not know the physiological signi®cance of the inhibitory eect of these phospholipids, the lipids may not allow RalGDS to access to Ral. The RalGDS activity to stimulate the dissociation of GDP from Ral is completely dependent on the presence of the GTP-bound form of Ras. Therefore, it appears that the interaction with Ras allows RalGDS to be active on Ral. Rap1 also shows the same action on RalGDS as Ras in the liposomes. RalGDS-CAAX stimulates the dissociation of GDP from Ral in the absence of Ras in this assay. These results strongly suggest that the lipid modi®cation of CAAX motif overcomes the inhibitory eect of phospholipids on RalGDS and that to place RalGDS in the vicinity of Ral is sucient for the activation of Ral and that the role of Ras in the activation of Ral may be to recruit RalGDS to the plasma membrane. It has been reported that Rap1 is detected at the plasma membrane in neutrophils and platelets (Maridonneau Parini and de Gunzburg, 1992; Berger et al., 1994) . Therefore, Rap1 may activate Ral in these cells. Indeed, Ral activation correlates with the activation of Rap1 rather than Ras in human platelets (Wolthuis et al., 1998) .
Normally Sos, a GDP/GTP exchange protein for Ras, is found predominantly in the cytosol and presumably it has poor access to Ras (Buday and Downward, 1993; Egan et al., 1993) . Upon EGF stimulation of the cell, binding of the Grb2/Sos complex to EGF receptor brings a signi®cant portion of Sos to the membrane. Since catalytic exchange activity of Sos is unaltered by the association of Sos with EGF receptor (Egan et al., 1993) , the increase in eective concentration of Sos in contact with Ras at the plasma membrane is sucient to cause the activation of Ras. These results indicate that EGF activates Ras by recruiting Sos to the plasma membrane. Thus, the mechanism by which Ras activates Ral through RalGDS is similar to that by which EGF receptor activates Ras through Grb2/Sos. It has been also proposed that the major role of Ras in the Raf-1 activation is to recruit it to the plasma membrane, where a separate activation event such as phosphorylation takes place (Leevers et al., 1994; Stokoe et al., 1994) . However, the post-translationally modi®ed K-Ras activates B-Raf in vitro using puri®ed proteins (Yamamori et al., 1995) . Furthermore, the interaction of the`activator domain' of Ras with cysteine-rich domain of Raf-1 is important for the Raf-1 activation (Hu et al., 1995) . These results indicate that the association with Ras plays a role in the Raf-1 activation that is distinct from membrane recruitment. Therefore, we cannot rule out the possibility that the interaction of Ras with RalGDS in intact cells may have another function in the RalGDS activation.
In addition to Ras and Rap1, RalGDS binds to RRas and TC21 (Hofer et al., 1994; Spaargaren and Bischo, 1994; Lopez-Barahoma et al., 1996) . The biological signi®cance of the interaction of RalGDS with these small G proteins other than Ras is not known. It is intriguing to speculate that RalGDS exerts the actions other than the GDP/GTP exchange of Ral after translocation to intracellular organelle other than the plasma membrane by Rap1, R-Ras and TC21, although the subcellular localizations of R-Ras and TC21 are not clear. Distinct subcellular localization of RalGDS may aect its function since its substrates are dierent. Indeed, it has been shown that the functions of Raf are variable depending on its subcellular localization (Gajewski and Thompson, 1996; Wang et al., 1996; Zha et al., 1996) . When Raf is recruited to the plasma membrane by Ras, it phosphorylates mitogen-activated protein kinase kinase, resulting in stimulating cell proliferation. However, when Raf is targeted to the outer mitochondrial membrane by Bcl-2 which blocks apoptosis, it phosphorylates directly or indirectly BAD, which exerts its death eects by heterodimerizing with Bcl-2, resulting in enhancing cellular resistance to apoptosis.
RGL and Rlf have 49 and 34% amino acid identity with RalGDS, respectively and these three proteins constitute a family. They are ubiquitously expressed and exhibit the same characteristics in the interaction with Ras, the speci®city of the GDP/GTP exchange activity for small G proteins, c-fos promoter activation, and cellular proliferation (Albright et al., 1993; Murai et al., 1997; Wolthuis et al., 1997) . The reasons why there are three dierent RalGDSs in the cells are not known. The RalGDSs may be subjected to speci®c additional regulation. Alternatively, the three RalGDSs may have dierent abilities to become activated by other small G proteins. Further studies are necessary for understanding the whole picture of the Ral pathway and its functions.
Materials and methods
Materials and chemicals
The anti-Ral and anti-RalGDS rabbit polyclonal antibodies and pcDNAI/Amp/Ras G12V were kindly provided by Drs M Nakata (Sumitomo Electrical Co. Ltd., Yokohama, Japan) and T. Kataoka (Kobe University School of Medicine, Kobe, Japan), respectively. The characterization of the anti-Ral and RalGDS antibodies will be described elsewhere. All procedures of passage, infection, and transfection of Sf9 cells and the isolation of baculoviruses were carried out as described (Summers and Smith, 1987) . Baculoviruses expressing Ras G12V and Ras G12VD were isolated as described . The posttranslationally modi®ed form of GST-Ras and GST-Ral were puri®ed from the membrane fractions of Sf9 cells and GST-RalGDS and GST-RalGDS-(1 ± 633) (amino acids 1 ± 633) were puri®ed from Escherichia coli (Hinoi et al., 1996; Kishida et al., 1997 Q63E , pGEX-2T/RalGDS and pGEX-2T/RalGDS-(1 ± 633) were constructed as described (Hinoi et al., 1996; Kishida et al., 1997; Murai et al., 1997) . The fragments encoding Rap1 G12V , C1, C2, C6 and K3 with XbaI and SmaI sites were synthesized by polymerase chain reaction (PCR). These fragments were digested with XbaI and SmaI and inserted into the XbaI and SmaI cut pBSKS. To construct pBJ-Myc/Rap1 G12V , pBJ-Myc/C1, pBJ-Myc/ C2, pBJ-Myc/C6 and pBJ-Myc/K3, the pBSKS plasmids harboring Rap1 G12V , C1, C2, C6 and K3 were digested with XbaI and EcoRV, and the fragments were inserted into pBJ-Myc which was digested with BamHI and blunted with Klenow fragment, then digested with XbaI. The fragment encoding C4 with XbaI and PstI sites was synthesized by PCR. This fragment was blunted with T4 DNA polymerase and inserted into the SmaI cut pBSKS to construct pBSKS/C4. To construct pBJ-Myc/C4, pBSKS/C4 was digested with XbaI and EcoRV and the fragment was inserted into pBJ-Myc which was digested with BamHI and blunted with Klenow fragment, then digested with XbaI. The fragment encoding H5 with XbaI and PstI sites was synthesized by PCR. This fragment was digested with XbaI and PstI and inserted into the XbaI and PstI cut pBSKS to construct pBSKS/H5. To construct pBJ-Myc/H5, pBSKS/ H5 was digested with XbaI and EcoRV, and the fragment was inserted into pBJ-Myc which was digested with BamHI and blunted with Klenow fragment, then digested with XbaI. pcDNAI/Amp/Ras G12V was digested with XbaI and blunted with Klenow fragment, and BamHI linker was inserted. This plasmid was digested with BamHI and the fragment encoding Ras G12V was inserted into the BamHI cut pBJ-Myc to construct pBJ-Myc/Ras G12V . To construct pVIKS/RalGDS, pBJ-Myc/RalGDS was digested with BamHI and the fragment was inserted into the BamHI cut pVIKS. pBJ-Myc/RalGDS was digested with BamHI and HindIII to generate the fragment encoding RalGDSb-(1 ± 436). This fragment, the fragment encoding RalGDSb-(437 ± 895) with HindIII and SpeI sites synthesized by PCR, and the fragment encoding 20 amino acids of the Cterminal region of K-Ras with SpeI and BamHI sites synthesized by PCR were inserted into the BamHI cut pBSKS to construct pBSKS/RalGDS-CAAX. To construct pVIKS/RalGDS-CAAX, pBSKS/RalGDS-CAAX was digested with BamHI and the fragment was inserted into the BamHI cut pVIKS. To construct pBJ-Myc/RalGDS-CAAX, pVIKS/RalGDS-CAAX was digested with BamHI and the fragment was inserted into the BamHI cut pBJMyc. To construct pGEX-2T/RalGDS-(135 ± 895) and pGEX-2T/RalGDS-(135 ± 633), the fragments encoding RalGDSb-(135 ± 895) and RalGDSb-(135 ± 633) with Bam-HI and EcoRI sites synthesized by PCR were digested with BamHI and EcoRI and inserted into the BamHI and EcoRI cut pGEX-2T.
Puri®cation of GST-RalGDS and its mutants
To purify GST-RalGDS and GST-RalGDS-CAAX from Sf9 cells, monolayers of Sf9 cells were infected with hightiter recombinant baculoviruses. After 72 h post-infection, the cells were washed with cold phosphate buered saline (PBS) and suspended in 10 vol of buer (20 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl¯uoride, 20 mg/ml aprotinin and 10 mg/ml leupeptin). The suspension was sonicated and centrifuged at 700 g for 5 min to remove unbroken cells and nuclei. The homogenate was centrifuged at 100 000 g for 30 min. The supernatant was used as the cytosol fraction. The pellet was resuspended in the buer containing 1% 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonate (CHAPS), rocked for 1 h and centrifuged at 100 000 g for 30 min. The supernatant was used as the membrane fraction. GST-RalGDS and GST-RalGDS-CAAX were puri®ed from the cytosol and membrane fractions, respectively, using glutathione-Sepharose 4B columns. GST-RalGDS-(135 ± 895) and GSTRalGDS-(135 ± 633) were produced in E. coli and puri®ed as described (Hinoi et al., 1996; Kishida et al., 1997) .
Interaction assay of RalGDS with Ras, Rapl, and chimeras in COS cells COS cells were transfected with pCGN/RalGDS and pBJMyc-derived plasmids by the DEAE-dextran method (Gorman, 1985) . After 60 h post-transfection, the cells were lysed and Ras, Rap1 and the chimeras were immunoprecipitated with the anti-Myc antibody as described (Hinoi et al., 1996; Murai et al., 1997) . The immunoprecipitates were probed with the anti-HA antibody to detect RalGDS.
GDP/GTP exchange assay of RalGDS in intact cells
COS cells were transfected with pCGN-and pBJ-derived constructs described above. After 48 h post-transfection the cells were serum-starved and metabolically labeled with 32 Pi (0.1 mCi/ml) in phosphate-free RPMI 1640 for 12 h. Then the cells were lysed and Ral was immunoprecipitated with the anti-HA antibody and bound guanine nucleotides were eluted and separated by ascending thin-layer chromatography as described Murai et al., 1997) . The relative molar ratio of GTP and GDP was corrected for the number of phosphates per mol of guanosine, and the amount of the GTP-bound form of Ral was expressed as percentage of the total amount of Ral.
RalGDS assay in liposomes
Reconstitution assay of Ras/RalGDS/Ral signaling using the liposomes was performed as described . Brie¯y, liposomes were made by sonication of dried lipids containing PS, PI, PC, and PE in a buer (20 mM Tris/HCl [pH 7.5] and 1 mM DTT). The post-translationally modi®ed [
3 H]GDP-bound form of Ral and/or the posttranslationally modi®ed GTPgS-bound form of Ras was added to the liposomes and incubated for 10 min on ice in 400 ml of reaction mixture (20 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 0.67 mM EDTA, 1 mM n-octylglucoside [1/25 of critical micellar concentration], 1 mM DTT and 0.06 mg/ml bovine serum albumin). The [ 3 H]GDP-bound form of Ral incorporated into the liposomes was recovered by a discontinuous sucrose density gradient. GST-RalGDS or GST-RalGDS-CAAX was incubated with the liposomes which contained the post-translationally modi®ed [ 3 H]GDP-bound form of Ral (0.5 pmol) and the posttranslationally modi®ed GTPgS-bound form of Ras (5 pmol) in 80 ml of reaction mixture (50 mM Tris/HCl [pH 7.5], 5 mM MgCl 2 , 200 mM GTP, 0.031% CHAPS and 1 mM DTT) for 30 min at 308C. Assays were quanti®ed by rapid ®ltration on nitrocellulose ®lters (Albright et al., 1993) .
RalGDS assay in vitro
The activity of GST-RalGDS, GST-RalGDS-CAAX, or the deletion mutants of GST-RalGDS to stimulate the binding of GTPgS to Ral in vitro was measured as described (Hinoi et al., 1996) . To examine whether the binding of Ras aects the RalGDS activity, Sf9 cells expressing GST-RalGDS with or without Ras G12V or Ras G12VD were lysed as described , then GST-RalGDS was precipitated with glutathione-Sepharose 4B. The activity of RalGDS immobilized on glutathione-Sepharose 4B to stimulate the dissociation of GDP from Ral was measured as described (Hinoi et al., 1996) .
Microinjection, immuno¯uorescence and confocal laser-scanning microscopy NIH3T3 cells were grown on glass coverslips and microinjected with various plasmids (0.2 ± 0.4 mg/ml) using micromanipulator 5171 and transjector 5246 (EppendorfNetheler-Hinz GmbH, Hamburg, Germany). The following procedures were performed at room temperature. After 4 h post-microinjection, the cells were ®xed for 20 min in PBS containing 4% paraformaldehyde. After washing with PBS three times, the cells were permeabilized with PBS containing 0.1% Triton X-100 and 1 mg/ml bovine serum albumin for 10 min. The cells were washed and incubated for 1 h with the anti-Myc antibody, anti-RalB antibody or antiRalGDS antibody. After washing with PBS, they were further incubated for 1 h with Cy2 labeled anti-mouse IgG or Cy3 labeled anti-rabbit IgG. Coverslips were washed with PBS, mounted on glass slide, and viewed with confocal laser-scanning microscope (TCS-NT, Leica-laser-technik GmbH, Heidelberg, Germany).
